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We search for CP violation in the singly-Cabibbo-suppressed decay D0 → KþK−πþπ− using data
corresponding to an integrated luminosity of 988 fb−1 collected by the Belle detector at the KEKB eþe−
collider. We measure a set of five kinematically dependent CP asymmetries, of which four asymmetries are
measured for the first time. The set of asymmetry measurements can be sensitive to CP violation via
interference between the different partial-wave contributions to the decay and performed on other
pseudoscalar decays. We find no evidence of CP violation.
DOI: 10.1103/PhysRevD.99.011104
Charge-conjugation and parity ðCPÞ symmetry violation
has been observed in various weak decays involving
strange and beauty quarks [1] and is well described in
the standard model (SM) by the Cabibbo-Kobayashi-
Maskawa matrix [2]. But the magnitude of CP violation
in the SM is too small to explain the baryon asymmetry in
the visible universe [3]. Therefore, the search for additional
processes that violate CP symmetry, which are not
described by the SM, is of great interest to explain the
matter-dominant universe. CP violation in the charm sector
is expected to be small, less than Oð10−3Þ in the SM [4,5],
which makes it an excellent probe for CP violation beyond
that of the SM [1].
CP violation in the singly-Cabibbo-suppressed decay
D0 → KþK−πþπ− was searched for using Tˆ-odd correla-
tions [6–8], where Tˆ reverses the direction of momenta and
spin, which is different from the usual time reversal
operator T [9]. No CP violation is observed up to now,
but the Tˆ-odd correlation measured may be weakly
sensitive to CP violation in this decay [9]. In this paper,
we report the first measurement of a set of CP-violating
kinematic asymmetries in D0 → KþK−πþπ− decays. The
set of kinematic asymmetries probes the rich variety of
interfering contributions in a decay, which can be sensitive
to non-SM CP-violating phases.
Assuming CPT symmetry, we construct a CP-violating
asymmetry by comparing amplitudes of the decay with
their CP-conjugate amplitudes. Amplitudes of the decay
can be extracted from AX, which we define as
AX ≡ ΓðX > 0Þ − ΓðX < 0ÞΓðX > 0Þ þ ΓðX < 0Þ ; ð1Þ
where X is a kinematic variable, such as the vector triple
product of the final-state momenta used in Refs. [6–8],
ΓðX > 0Þ is the rate for D0 decays in which X > 0;
and ΓðX < 0Þ, for D0 decays in which X < 0. The CP-
conjugated amplitudes can be extracted similarly for D¯0
decays using X¯. We can then define our CP-violating
kinematic asymmetry as
aCPX ≡ 12 ðAX − η
CP
X A¯X¯Þ; ð2Þ
where ηCPX is a CP eigenvalue specific to X.
We measure a set of kinematic asymmetries for five
different X, where four asymmetries are measured for the
first time and one asymmetry is proportional to the Tˆ-odd
correlation using the vector triple product of the final-state
momenta, which has been measured previously [6–8]. The
set can be sensitive to CP violation in the interference
between the S-wave and P-wave production of the KþK−
and πþπ− pairs in the D0 → KþK−πþπ− decay, where the
process of a quasi-two-body decay to a dikaon system and
dipion system contributes to over 40% of the decay rate [1].
It covers the asymmetries that can be measured without
considering the mass of the intermediate particles. The
kinematic variables are constructed from the angles θ1, θ2,
and Φ, which are shown in Fig. 1. The θ1 is the angle
between the Kþ momentum and the direction opposite to
that of theD0 momentum in the center-of-mass (CM) frame
of the KþK− system. The θ2 is defined in the same way as
θ1 substituting Kþ with πþ and KþK− with πþπ−. TheΦ is
the angle between the decay planes of the KþK− and πþπ−
pairs in the CM frame of D0. Three kinematic variables
have ηCPX ¼ −1: sin 2Φ, cos θ1 cos θ2 sinΦ, and sinΦ; the
last variable is proportional to the vector triple product of
the final-state momenta. The remaining two kinematic
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variables have ηCPX ¼ þ1: cosΦ and cos θ1 cos θ2 cosΦ.
The kinematic asymmetries where ηCPX is −1, commonly
known as Tˆ-odd correlations, are dependent on the imagi-
nary part of the interference of amplitudes for production of
the KþK− and πþπ− states in different spin configurations
[10–13]. The asymmetries where ηCPX is þ1, are dependent
on the real part of the interference of amplitudes. Both
types of asymmetries are nonzero in the case of CP
violation. This set is measured for the first time for any
four-body final state; these measurements can be performed
for any other pseudoscalar meson that decays to four
pseudoscalar mesons.
This analysis uses the data sample recorded by the Belle
detector [14] at the eþe− asymmetric-energy collider
KEKB [15], where the CM energy of the collisions was
varied from the mass of the Υð1SÞ resonance up to that of
the Υð6SÞ resonance. The total data sample corresponds to
an integrated luminosity of 988 fb−1 [16].
Monte Carlo (MC) samples are used to devise the
selection criteria, identify the different sources of back-
ground, model the data, validate the fit procedure, and
determine systematic uncertainties. Inclusive MC samples
were generated with EVTGEN [17], where the number of
generated events corresponds to six times the integrated
luminosity of the data sample. The detector response was
simulated with GEANT3 [18]. To simulate the effect of
beam-induced background, the generated events have data
solely due to the beam backgrounds overlaid.
Since the final state is self-conjugate, the flavor of theD0
mesons is identified by reconstructing the decay chains
Dþ → D0πþs , with D0 decaying into KþK−πþπ−, where
πþs is referred to as the slow pion. Here, and elsewhere in
this paper, charge-conjugate states are implied unless stated
explicitly otherwise.
Using MC simulated data, we developed the selection
criteria to maximize a figure of merit of S=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Sþ Bp , where
S is the signal yield and B is the background yield in a
signal enhanced region, which is defined to be within
1.5 MeV=c2 of the known D0 mass [1] and within
0.25 MeV=c2 of the known mass difference ðΔmÞ between
the Dþ candidate and its daughter D0 [1].
We select charged tracks that originate from close to the
eþe− interaction point (IP) by requiring the impact param-
eters to be less than 4 cm in the beam direction and 2 cm in
the plane transverse to the beam direction. To ensure the
tracks are well reconstructed, we require they each have a
transverse momentum greater than 0.1 GeV=c and at least
two associated hits in the silicon vertex detector in both the
beam direction and azimuthal direction. Charged tracks are
identified as pions or kaons depending on the ratio of
particle identification likelihoods LK=ðLK þ LπÞ, which
are constructed from information recorded by the central
drift chamber, time-of-flight scintillation counters, and
aerogel threshold Cherenkov counter. We identify a
charged track as a kaon when this ratio is above 0.6;
otherwise it is assumed to be a pion. The kaon and pion
identification efficiencies are typically over 80%, and the
misidentification probabilities are below 10% [19].
We form a D0 candidate from each combination of two
oppositely charged kaon tracks and two oppositely charged
pion tracks. We require eachD0 candidate have an invariant
mass within 30 MeV=c2 of the known D0 mass [1,20],
where the range is larger than 7 times the mass resolution of
the reconstructed D0 candidate, and a momentum in the
CM frame greater than 1.8 GeV=c. For each surviving
candidate, we perform a vertex- and mass-constrained fit to
the kaons and pions; we require the vertex fit to have a
probability greater than 0.1%. We also perform a fit where
each D0 candidate is fit under the hypothesis that the
trajectory of the candidate originates from the IP and
require the fit to have a probability greater than 0.005%.
To veto the Cabibbo-favoredD0 → KþK−K0S decays, we
remove D0 candidates whose daughter pion pairs have
invariant masses within 12.05MeV=c2 of the known K0S
mass [1], which is five times the mass resolution of the
reconstructed K0S candidate.
We form each combination of a positively charged pion
track and D0 candidate into a Dþ candidate and perform a
vertex fit on the pion, where the fit is constrained to the
intersection of the D0 candidate trajectory with the IP
region. We require each Dþ candidate have a momentum
in the CM frame greater than 2.5GeV=c. We also require
Δm to be within þ7.6−5.9 MeV=c
2 of the known Δm [1], where
the lower limit corresponds to the known π mass.
In the signal region, 8.1% of events have multiple Dþ
and/or D− candidates, while the average multiple can-
didates per event is 1.1, which is comparable with
Ref. [21]. We select either a Dþ or D− candidate for
each event, based on the smallest χ2 for the D0 mass fit. If
there are multipleDþ and/orD− candidates formed with
thisD0, we select the one whose πþs or π−s has the smallest
impact parameter in the transverse plane. Studies with the
MC sample indicate that 93% of the multiple-candidate
events are correctly selected. The efficiency for the D0 →
KþK−πþπ− decay with the stated selections is 11%. A
total of 474,971 events are reconstructed from the data
sample.
After all selection criteria, our data sample contains
events that fall into four different categories: correctly
FIG. 1. Diagram showing the helicity angles θ1, θ2 and Φ.
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reconstructed D0 mesons coming from correctly recon-
structed Dþ mesons, which we call signal events; events
with correctly reconstructed D0 mesons coming from
misreconstructed Dþ candidates, which we call ran-
dom-πs events; events with a partially reconstructed D0
candidate and the πþs from aDþ, which we call partial-D
events, which has a small peak in the signal region of
Δm; and events with both D0 and Dþ candidates
misreconstructed, which we call combinatorial events.
Our selection criteria rejects over 99% of events with
Dþs → KþK−πþπþπ−, which could be confused for our
signal, leaving a negligible number of such events.
We calculate the CP-violating kinematic asymmetry
with the yield of the signal events for each flavor of D0
and each sign of the relevant kinematic variable. To do this,
we perform four separate fits to the data for each kinematic
variable. Each fit is a binned two-dimensional extended
maximum-likelihood fit to the reconstructed D0 mass
and Δm. The data are binned into 200 equal-width bins
in each dimension. These additional requirements on
mðKþK−πþπ−Þ and Δm have a negligible effect on the
selection efficiency.
One model is used for all fits. It contains components
describing signal, random πs, partial-D, and combinatorial
events. The yield of each component is free in each fit, but
parameters governing the shapes of the components are
fixed from a single fit to all the data regardless of D0 flavor
and X.
The signal component is the product of a sum of
bifurcated Gaussian and Gaussian probability density
functions (PDFs) for mðKþK−πþπ−Þ and a sum of
Gaussian and JohnsonSU [22] PDFs for Δm. The com-
binatorial component is the product of a Chebyshev
function for mðKþK−πþπ−Þ and a threshold function
for Δm. The random-πs component is the product of
the signal shape for mðKþK−πþπ−Þ and the combinatorial
shape for Δm. And the partial-D component is the
product of a Chebyshev function for mðKþK−πþπ−Þ
and a Bifurcated Gaussian PDF for Δm, where the shape
parameters for the partial-D component are fixed to those
obtained from a fit to an inclusive MC sample. The shape
of the MC sample is validated by comparing it to data in
the sidebands of the mðKþK−πþπ−Þ distribution; the
shapes are compatible.
Figure 2 shows the results of the fit to all the data, from
which the shapes of all components are fixed for all
remaining fits; the model agrees well with the data, as
can be seen from the pulls, which are defined as the
difference between the data points and the model expect-
ation divided by the expected uncertainty. As an example of
a set of fits used to determine the CP-violating kinematic
asymmetry, we show separate fit results for positive and
negative sin 2Φ for D0 samples in Fig. 3. The signal yields
determined by the fits are given in Table I for each D0
flavor and kinematic variable sign.
We perform several cross checks to validate our analysis:
To study the effect of the D0 → KK¯, where K decays to
Kþπ−, we recalculate the asymmetries including a veto on
K and K¯ that rejects the D0 candidates with a Kþπ− pair
and K−πþ pair of an invariant mass within 80 MeV=c2 of
the known K mass [1], which is twenty times the mass
resolution of the reconstructed K candidate. The recalcu-
lated asymmetries are consistent with the values without
the veto.
To study the effects from the best candidate selection,
we recalculate the asymmetries with no best candidate
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FIG. 2. Data (black points) and fit results (shaded regions) for
the fit to all the data in projections of mðKþK−πþπ−Þ (left) and
Δm (right). The shaded regions are stacked upon each other and
show, from lowest to highest, the combinatorial, partial-D,
random-πs, and signal components. The lower plots show the
pulls for the fit; the unlabeled horizontal lines indicate 3.
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FIG. 3. Two-dimensional fit results, distributions and pull of the
data subsamples projected on the observables mðKþK−πþπ−Þ
(left) and Δm (right). The distribution sequence follows Fig. 2.
Top histograms show the D0ðsin 2Φ > 0Þ subsample while the
bottom histograms show the D0ðsin 2Φ < 0Þ subsample.
SEARCH FOR CP VIOLATION WITH KINEMATIC … PHYS. REV. D 99, 011104 (2019)
011104-5
selection. The recalculated asymmetries are consistent with
those calculated including the best candidate selection.
The detector resolution of the kinematic variables could
affect the asymmetries. We measure the fraction of cross-
feed between signal events with X > 0 and X < 0 using an
MC sample that has a similar shape to the data. The fraction
of cross-feed is at the 1% level, making its effect negligible.
We estimate the effect of incorrectly assigning the flavor
of the D0 using an MC sample that has a similar integrated
luminosity to the data. In the MC sample, incorrectly
assigned events comprise less than 0.01% of the total
number of events. Misassignment has a negligible effect.
There could be an effect due to an efficiency difference
depending on the kinematic variable regions. Efficiencies
depending on kinematic variable regions are measured
using a MC sample. We find that the efficiency does not
depend on the kinematic variables used to define the
asymmetries.
Several sources of systematic uncertainty are considered.
Individual uncertainties and the total systematic uncertainty
are listed in Table II. The bias from the model PDF is
estimated by changing the signal model, partial-D model,
and combinatorial model. We change the signal model and
partial-D model to products of one-dimensional Gaussian-
kernel-estimated PDFs [23] and the combinatorial model to
a product of one-dimensional PDFs obtained from an
inclusive MC sample. The difference between the measured
values is assigned as a systematic uncertainty.
The detector bias is estimated from a control sample of
D0 → K−πþlowπ
−πþhigh events, where momentum is used to
differentiate between the πþhigh and π
þ
low. This decay is
Cabibbo-favored in which all kinematic asymmetries are
expected to be much smaller than the measurement
precision [4]. The kinematic variables are calculated in
the same way as for the KþK−πþπ− final state, substituting
Kþ with πþlow. The kinematic asymmetries are found to be
consistent with zero, and we assign their statistical uncer-
tainties as the systematic uncertainties related to any
detector bias.
To assess whether there is a bias introduced by the
likelihood fit and to check the extraction of kinematic
asymmetries from the two-dimensional binned fit, we
generate MC samples with different asymmetries and
compare the fit results with the generated values. The
average difference between the measured and generated
value is assigned as a systematic uncertainty.
The various sources of systematic uncertainty are inde-
pendent of each other. Therefore we estimate the total
systematic uncertainty by summing the uncertainties in
quadrature. As a note, the kinematic asymmetries are
constructed such that they are insensitive to the intrinsic
production asymmetry [8].
The measured AX and A¯X are listed in Table III with
statistical errors. As in other experiments [7,8], final state
interaction effects are observed with a similar amplitude for
AsinΦ and A¯sinΦ. We find the CP-violating kinematic
asymmetries to be
aCPcosΦ ¼ ð3.4 3.6 0.6Þ × 10−3; ð3Þ
aCPsinΦ ¼ ð5.2 3.7 0.7Þ × 10−3; ð4Þ
aCPsin 2Φ ¼ ð3.9 3.6 0.7Þ × 10−3; ð5Þ
aCPcos θ1 cos θ2 cosΦ ¼ ð−0.2 3.6 0.7Þ × 10−3; ð6Þ
TABLE I. Fit results for the yield of signal in the subsamples of each kinematic variable X. The uncertainties are
statistical only.
X D0ðX > 0Þ D0ðX < 0Þ D¯0ðX¯ > 0Þ D¯0ðX¯ < 0Þ
cosΦ 21, 913 181 32, 544 216 21, 657 180 32, 623 216
sinΦ 29, 177 205 25, 277 194 25, 474 194 28, 800 204
sin 2Φ 23, 096 187 31, 355 211 31, 455 211 22, 805 186
cos θ1 cos θ2 cosΦ 31, 065 211 23, 398 188 30, 963 210 23, 304 187
cos θ1 cos θ2 sinΦ 26, 016 196 28, 441 203 28, 353 203 25, 919 195
TABLE II. Contributions to the systematic uncertainty (in permille) for eachCP-violating kinematic asymmetryaCPX .
Effect aCPcosΦ a
CP
sinΦ a
CP
sin 2Φ a
CP
cos θ1 cos θ2 cosΦ a
CP
cos θ1 cos θ2 sinΦ
Signal model PDF 0.1 0.3 0.1 0.2 0.0
Partial-D model PDF 0.1 0.1 0.2 0.2 0.0
Combinatorial model PDF 0.1 0.1 0.3 0.0 0.3
Detector bias 0.6 0.6 0.6 0.6 0.6
Likelihood fit bias 0.1 0.1 0.1 0.1 0.1
Total 0.6 0.7 0.7 0.7 0.7
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aCPcos θ1 cos θ2 sinΦ ¼ ð0.2 3.7 0.7Þ × 10−3; ð7Þ
where the first and second uncertainties are statistical and
systematic, respectively. These results indicate that there is
no CP violation within the statistical and systematic
uncertainties for the interferences between the S-wave
and P-wave production of the KþK− and πþπ− pairs in
this decay. No effects from new physics models can be
observed within the experimental uncertainties. With more
data from future experiments, it may be possible to measure
the CP violation due to the SM in this decay.
In conclusion, we search for CP violation in D0 →
KþK−πþπ− by measuring a set of five kinematic
asymmetries. The set of measurements can be sensitive
to CP violation via the rich variety of interference between
the different partial-wave contributions to the decay. It
can be performed on any other pseudoscalar meson
that decays into four pseudoscalar mesons. Four
asymmetries are measured for the first time. The set of
CP-violating kinematic asymmetries is consistent with CP
conservation and provide new constraints on new physics
models [4,9,11].
We thank the KEKB group for excellent operation of the
accelerator; the KEK cryogenics group for efficient
solenoid operations; and the KEK computer group, the
NII, and PNNL/EMSL for valuable computing and
SINET5 network support. We acknowledge support from
MEXT, JSPS and Nagoya’s TLPRC (Japan); ARC
(Australia); FWF (Austria); NSFC and CCEPP (China);
MSMT (Czechia); CZF, DFG, EXC153, and VS
(Germany); DST (India); INFN (Italy); MOE, MSIP,
NRF, RSRI, FLRFAS project and GSDC of KISTI and
KREONET/GLORIAD (Korea); MNiSW and NCN
(Poland); MSHE, Grant No. 14.W03.31.0026 (Russia);
ARRS (Slovenia); IKERBASQUE and MINECO (Spain);
SNSF (Switzerland); MOE and MOST (Taiwan); and
DOE and NSF (USA). E.W. is partially supported by
NRF-2017R1A2B3001968.
[1] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98,
030001 (2018).
[2] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652
(1973).
[3] M. Trodden, Rev. Mod. Phys. 71, 1463 (1999).
[4] Y. Grossman, A. L. Kagan, and Y. Nir, Phys. Rev. D 75,
036008 (2007).
[5] J. Brod, A. L. Kagan, and J. Zupan, Phys. Rev. D 86,
014023 (2012).
[6] J. Link et al. (FOCUS Collaboration), Phys. Lett. B 622,
239 (2005).
[7] P. del Amo Sanchez et al. (BABAR Collaboration), Phys.
Rev. D 81, 111103 (2010).
[8] R. Aaij et al. (LHCb Collaboration), J. High Energy Phys.
10 (2014) 005.
[9] G. Durieux and Y. Grossman, Phys. Rev. D 92, 076013
(2015).
[10] M. Gronau and J. L. Rosner, Phys. Rev. D 84, 096013
(2011).
[11] B. Bhattacharya, A. Datta, M. Duraisamy, and D. London,
Phys. Rev. D 88, 016007 (2013).
[12] R. Aaij et al. (LHCb Collaboration), J. High Energy Phys.
07 (2015) 166.
[13] J. Koerner and G. R. Goldstein, Phys. Lett. 89B, 105 (1979).
[14] A. Abashian et al. (Belle Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 479, 117 (2002); also see
detector section in J. Brodzicka et al., Prog. Theor. Exp.
Phys. 2012, 04D001 (2012).
[15] S. Kurokawa and E. Kikutani, Nucl. Instrum. Methods
Phys. Res., Sect. A 499, 1 (2003), and other papers included
in this Volume; T. Abe et al., Prog. Theor. Exp. Phys. 2013,
03A001 and references therein.
[16] J. Brodzicka et al. (Belle Collaboration), Prog. Theor. Exp.
Phys. 2012, 04D001 (2012).
[17] D. J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A
462, 152 (2001).
[18] R. Brun, F. Bruyant, M. Maire, A. C. McPherson, and P.
Zanarini, Report No. CERN-DD-EE-84-1, 1987.
[19] E. Nakano, Nucl. Instrum. Methods Phys. Res., Sect. A 494,
402 (2002).
[20] A. Tomaradze, S. Dobbs, T. Xiao, K. K. Seth, and G.
Bonvicini, Phys. Rev. D 89, 031501 (2014).
[21] E. White et al. (Belle Collaboration), Phys. Rev. D 88,
051101 (2013).
[22] N. L. Johnson, Biometrika 36, 149 (1949).
[23] K. Cranmer, Comput. Phys. Commun. 136, 198 (2001).
TABLE III. AX and A¯X (in per mille) for each kinematic
variable X. The uncertainties are statistical only.
X AX A¯X
cosΦ −195.2 5.1 202.0 5.1
sinΦ 71.6 5.2 61.3 5.2
sin 2Φ −151.7 5.2 −159.4 5.1
cos θ1 cos θ2 cosΦ 140.8 5.1 −141.2 5.2
cos θ1 cos θ2 sinΦ −44.5 5.2 −44.9 5.2
SEARCH FOR CP VIOLATION WITH KINEMATIC … PHYS. REV. D 99, 011104 (2019)
011104-7
